Electrochemical doping and in situ Raman scattering were used to study charge transfer in K-and Li-doped single wall carbon nanotubes (SWNT) as a function of alkali concentration. An 8 cm À1 downshift was observed for the tangential phonon mode of SWNT doped to stoichiometries of KC 24 and Li 1X25 C 6 . The shift in both systems is reversible upon de-doping despite an irreversible loss of crystallinity. These results indicate that the tangential mode shifts result from electron transfer from alkali dopants to the SWNT, and that these modes are only weakly aected by long-range order within the ropes. Ó
Introduction
Single wall carbon nanotubes (SWNT) constitute the newest carbon system in which chemical doping strongly modi®es the physical properties [1, 2] . The weak Van der Waals bonding between individual nanotubes in a semicrystalline bundle, or`rope', presumably allows for the insertion of dopants in the host lattice, as in graphite intercalation compounds and doped phases of C 60 . Alkali doping decreases the resistivity of bulk samples by a factor of 30±100 at 300 K [1, 3] . A similar result was observed for an individual SWNT rope [4] , proving that the enhanced electron transport in bulk samples is an intrinsic property of the ropes.
This phenomenon can be explained by valence electron transfer from the alkali atoms into the C anti-bonding p band, which moves the Fermi energy into a region of higher density of states and enhances the conductivity. This mechanism has long been known in graphite intercalation compounds, doped polyacetylene and fullerides. Charge transfer from the alkalis to the nanotubes was proven using Raman scattering, which showed a softening of the tangential vibrational modes for the C±C bond upon doping with K or Rb [2] . A stiening of the tangential modes and a decrease in resistivity were observed upon doping with electron acceptors, con®rming the amphoteric nature of SWNT [1, 2] . At this point, however, little is known about the reversibility of these phenomena and their dependence on dopant concentration. One of the limiting factors in this regard is the diculty of controlling the composition using the www.elsevier.nl/locate/cplett vapor phase doping technique. An alternative method is electrochemical doping, which oers precise control of guest stoichiometry and allows for in situ measurements on the guest-host systems.
In situ Raman scattering and electrochemical doping were used to study the insertion mechanism for bisulfate ions in graphite [5, 6] and in SWNT [7] . In the present work we used in situ electrochemical doping and Raman scattering to study the charge transfer in K-and Li-doped SWNT bundles. Raman frequencies were determined vs. dopant concentration, and the reversibility of doping-induced shifts was ®rmly established.
Experimental
SWNT were synthesized by pulsed laser vaporization [8] , and extensively puri®ed by a series of acid etch and ®ltration treatments, ending with a vacuum anneal at 1200°C [9] . The samples used in this work consisted of annealed`buckypapers', which are porous, self-standing foils of entangled SWNT ropes. Characterization of the starting material by X-ray diraction [9] and Raman scattering [9, 10] showed no evidence for nanocrystalline graphite and negligibly small intensity of the D-band at 1350 cm À1 in the undoped materials. We estimate the sample purity to be at least 90% from a variety of characterization methods, including HRTEM and X-ray diraction. In situ Raman scattering and electrochemical doping were performed in a specially designed electrochemical cell made of pyrex tubing with a rectangular cross-section attached to a glass-to-metal transition. The cell assembly was performed in an Ar-®lled glove box. A buckypaper strip was attached to a stainless steel current collector and used as the working electrode. Alkali metal (K or Li) was smeared on a Ni mesh and served as the counter and reference electrode. The cell was then ®lled with electrolyte: 1 M KCN in triethylborane/ tetrahydroduran for K doping, or 1 M LiPF 6 in ethylene carbonate/dimethyl carbonate for Li doping. Electrical contacts were made using Ni wires that passed through airtight electrical feedthroughs composed of stainless steel Swagelok ®ttings with pierced Te¯on plugs.
SWNT were doped in the potentiostatic mode (i.e., steps of well-de®ned potential dierence between the sample and the alkali metal counterelectrode) using an EG&G 273A potentiostat. Raman spectra were measured at the end of each potential step, after waiting for the current to fall below 1 lA/mg to ensure quasi-equilibrium conditions. Each cell was cycled for at least one full cycle in order to assess the reversibility of the charge transfer.
Raman scattering was performed at room temperature using a SPEX Triplemate 1877 spectrometer (resolution $0.7 cm À1 ) equipped with a liquid nitrogen cooled charge-coupled-device detector. The 514.5 nm (2.4 eV) line of an Ar ion laser was used for excitation. To avoid heating of the sample, the pumping power density was limited to 10 mW/mm 2 . Experiments were performed using a near Brewster-angle backscattering geometry. The polarization of the incident and scattered light was perpendicular to the plane of incidence.
Results and discussion
Fig. 1a presents the cell voltage vs. electrochemical charge Q for a galvanostatic cycle on a K/SWNT cell. Note that the doping is fully reversible, albeit hysteretic. Assuming that one electron¯owing in the electrochemical circuit corresponds to the insertion of one alkali ion into a SWNT rope (a safe assumption in the case of potassium but not lithium; see below), then Q is identical to the K/C ratio. The maximum K uptake is KaC 0X04, corresponding to about KC 24 . This is less than that obtained with vapor doping which yields about KC 8 or KaC $ 0X12 at saturation [1] . The lower K uptake using electrochemical doping is most likely due to co-insertion of THF which partially solvates the K ions [11] . This is known to occur in graphite using the same electrolyte, for which the K-saturated phase is the ternary compound K(THF) 2 C 24 rather than the KC 8 saturated binary obtained by vapor doping [12] . Potassium insertion in SWNT is entirely reversible, since the same charge is obtained upon reduction and oxidation between the same voltage limits in Fig. 1a . No voltage plateau is observed in the charge/dis-charge curve, indicating that there is no wellde®ned potential for K insertion or removal in SWNT. We previously attributed these steep voltage pro®les to the absence of well-de®ned intercalation sites in SWNT, in contrast with graphite, polyacetylene and C 60 [13] . We believe that the large dispersity in SWNT chirality, diameter and length in real SWNT samples prevents the formation of ordered doped phases, yielding a distribution of potentials for alkali insertion in the SWNT host rather than the well-de®ned redox potentials characteristic of truly crystalline host materials [11] . Fig. 2 presents a series of Raman spectra for K-doped SWNT at various K/C ratios from 0 (curve a) to 0.040 (curve f), obtained by cross-referencing the constant potentials during in situ doping with the potentials obtained from separate galvanostatic (charge±discharge) measurements. The currents were 5±20 lA for $1 mg working electrodes to ensure quasi-equilibrium conditions. The spectrum for the pristine sample in Fig. 2 is dominated by two ®rst-order bands at 1593.5 cm À1 and 1567 cm À1 , which have been identi®ed, respectively, as the E 1g (or A 1g ) and the E 2g modes for isolated tubes [14] . The broad features in the frequency range 1300±1530 cm À1 are due to Raman scattering from the electrolyte. These features obscure the possible observation of a disorder-induced D-band centered at 1350 cm À1 . A large luminescent background, which we ascribe to the electrolyte, was also observed. Upon electrochemical doping, we observed a shift and a continuous broadening of the two tangential modes. This shift is fully reversible upon de-doping. There are also some changes in the 1350±1400 cm À1 region. These are dicult to interpret due to the obscuring eect of the electrolyte signal.
In order to quantify the doping-induced shifts, we modeled the tangential modes at each K/C value using two Lorentzian lines. While ®ve lines have been assigned to these modes in pristine SWNT [14] , two were sucient to ®t the data in Fig. 2 . Three constraints were applied to the ®ts. First, we maintained the pristine 26.5 cm À1 separation between the two lines at all compositions, assuming that all modes are equally aected by charge transfer. Second, the two lines were constrained to broaden equally. Finally, the intensity ratio of the two bands was forced to be constant, assuming that doping changes the resonance conditions equally for dierent modes. The ®tting results are presented in Fig. 1b , in which the Raman shift for the highest frequency band is plotted as a function of K/C. The shift was found to be nonmonotonic with charge. At very low doping levels (KaC`0X005), a downshift ($1.5 cm À1 ) was observed. Then for K/C ratios between 0.005 and 0.01, an upshift was seen, which saturated at $4 cm À1 . Finally, between 0.015 and 0.04, a continuous $9 cm À1 downshift took place. The nonmonotonic behavior at very low doping levels is not well understood. In situ dc 4-probe and in situ microwave conductivity of KC x in an electrochemical cell exhibited a continuous decrease in resistance over the entire range of compositions between pristine SWNT and KC 24 [11] , suggesting a continuous charge transfer between K and C. While the 4 cm À1 value for the upshift might be in¯uenced by the constraints of our ®ts, Fig. 2 shows at least qualitatively that this upshift is real. The same eect was observed at low doping levels by Iwasa et al. [15] for vapor-doped K-SWNT. We interpret the continuous and linear downshift Dx for KaC b 0X015 as evidence for valence electron transfer from K atoms to the C p anti-bonding band, which lengthens the C±C bond and softens the tangential vibrational modes, similar to the behavior observed in graphite intercalation compounds [16, 17] . A straight line can be ®t to the data for 0X015`KaC`0X04 from which we obtain DxaDQ $ 370 cm À1 /electron per C, close to the value $340 cm À1 /electron per C observed in alkali-doped C 60 [18] but larger than the value $280 cm À1 /electron per C observed in KC 8 graphite [16, 17] . Applying our value to the shift measured on K vapor-doped SWNT [2] implies a composition of KC 8X3 for that sample, consistent with the saturation weight uptake using the same synthesis conditions [1] .
The SWNT bands in Fig. 2 broaden continuously with K doping. This phenomenon has also been observed in other donor and acceptor compounds of SWNT [2] . The line broadening could either be due to a disordered distribution of dopants, as would be implied by inhomogeneous doping [11] , or due to an increase in the electron± phonon interaction, the latter being a homogeneous line-broadening mechanism. The shift and broadening are entirely reversible upon electrochemical de-doping, as seen in Figs. 2 and 1b . The de-doped and pristine spectra are very similar, also indicating that the charge transfer mechanism is fully reversible. This result is consistent with in situ 4-probe resistance, which showed that the 15-fold drop in R upon doping is fully recovered upon dedoping [11] . In situ X-ray diraction during electrochemical doping/de-doping also showed that K insertion is accompanied by an irreversible crystallinity loss in the rope lattice [11] . The full recovery of the Raman shift, despite the dopinginduced structural disorder in the bundles, suggests that inter-tube long-range order has little or no eect on the tangential modes. The fact that the linewidths decrease almost to the pristine values upon de-doping con®rms that the broadening mechanism is not due to long-range structural disorder, but rather due to local disorder in the dopant distribution and/or electron±phonon coupling.
The solid state electrochemistry of the SWNT/ Li system is more complicated, as reported earlier in detail [13, 19] . Fig. 3a presents the voltage pro®les for a galvanostatic cycle of a Li/SWNT cell. The ®rst half-cycle exhibits a large irreversible plateau at 0.9 V due to the reduction of the ethylene carbonate/dimethyl carbonate electrolyte which forms a surface passivation layer on the carbon electrode. One component of this amorphous, polymeric ®lm is LiCO 3 , so its formation represents a parasitic and irreversible consumption of Li. This phenomenon has been extensively studied and takes place for all carbons reduced in this speci®c electrolyte [20] . Since it is dicult to distinguish the charge consumed in this irreversible process from that representing actual SWNT doping, the Li/C ratios in the SWNT upon ®rst doping cannot be precisely determined and in general Q is no longer equal to the M/C ratio. A lower bound on Li/C for the saturated phase can be estimated from the ®rst de-doping half-cycle since the parasitic Li uptake is irreversible. This gives 450 mA h/g, or Li/C 0.21, slightly greater than the 0.17 corresponding to the saturated phase LiC 6 in graphite [21] . Using electrochemical doping, the maximum reversible Li density in SWNT is therefore at least ®ve times greater than for K since there is no co-intercalated solvent. Similar to K/SWNT, there is no well-de®ned potential for Li insertion and removal, ruling out the possibility of staging via well-de®ned interstitial sites. Fig. 4 presents a series of Raman spectra for Li-doped SWNT after doping at various constant potentials. The pristine spectrum is dominated by the same two ®rst-order maxima described above. The feature at 1485 cm À1 is Raman scattering from the electrolyte. A strong luminescent background was also observed, which we ascribe to the electrolyte. On the other hand, and in contrast to the KCN/THF electrolyte, the D-band region centered at 1350 cm À1 is not obscured prior to doping. Upon doping between 3 and 0 V, we again observe a continuous shift and broadening of the two SWNT tangential modes. Between 3 and 1.2 V, an additional line at 1350 cm À1 progressively emerges. This line, or D-band, is generally characteristic of disorder-induced scattering by phonons at the zone edge, and is dominant in samples of nanocrystalline carbons. In the present case we can safely assume that it is not related to the passivation layer since the latter starts forming at about 0.9 V while the D-band emerges between 3 and 1.2 V. Furthermore, it is not removed by de-doping and washing in water (spectrum g in Fig. 4) .
In order to quantify the doping-induced changes in the tangential modes, we modeled the Raman spectra at all doping levels using the procedure described above, i.e., two Lorentzian lines shifting and broadening equally with doping. The ®tting results are presented in Fig. 3b as a function of charge for one full doping/de-doping cycle between 3 and 0 V. Upon doping, we observed a monotonic but nonlinear downshift of both modes, by 8 cm À1 at saturation. Note in particular that the doping curve in Fig. 3b is qualitatively similar to the voltage pro®le in Fig. 3a , namely there is no Raman shift through the charge interval corresponding to the formation of the passivation layer (the long plateau between 100 and 700 mA h/g). This suggests that the passivation layer has little in¯uence on the properties of individual nanotubes. The slope of the Raman shift vs. charge in Fig. 3b decreases with charge. At low doping levels, we ®nd DxaDQ $ 100 cm À1 /electron per C atom, while at higher doping levels we ®nd DxaDQ $ 5±10 cm À1 /electron per C atom. We previously showed that most of the resistance drop in bulk SWNT upon Li doping occurs at very low doping levels [11] , consistent with the Raman results. This could be explained by a concentrationdependent speci®c charge transfer. For example, it is possible that at low doping levels the charge transfer is complete (i.e., formally Li in the SWNT host), becoming only partial (mixed ioniccovalent Li±C bonding) as the Li density in the SWNT host increases. This would also explain why the Raman shift in saturated Li/SWNT is equal to that in saturated K/SWNT, despite the much larger alkali concentration in the former compound.
The charge transfer in Li-SWNT was found to be only partly reversible electrochemically, in contrast to K/SWNT. Upon de-doping, we observed only a 3 cm À1 upshift over a 450 mA h/g charge interval (x's in Fig. 3b) , and a very slight narrowing of the two modes. We subsequently took the sample out of the electrochemical cell and washed it in de-ionized water and ethanol in order to remove the remaining Li (®lled square in Fig. 3b) . The Raman spectrum for the washed sample is presented at the top of Fig. 4 . It is very similar to that of the pristine material, although the bands are slightly broader. This suggests that Li cannot be entirely removed by electrochemically oxidizing the sample up to 3 V, but it can be removed with a more aggressive oxidizing treatment. This result is consistent with the reported decreasing reversible Li capacity as a function of cycling, which suggests that some Li remains trapped in the C host on each cycle [13] . It is also consistent with the in situ resistance results, which show that the resistance for the sample at 3 V decreases with the number of cycles [13] . All these ®ndings suggest that the electrochemical reaction is not fully reversible between 3 and 0 V. A large hysteresis is observed in the voltage pro®les between charge and discharge, so we expect to improve the reversibility by using a larger potential limit upon oxidation. The 3 V limit was chosen because of electrolyte breakdown at higher potentials, thus a dierent choice of electrolyte would be needed to achieve higher voltages.
In situ X-ray diraction and electrochemical doping showed that electrochemical Li insertion yields an irreversible crystallinity loss in the rope lattice [13] . The recovery of the Raman shift upon washing, despite the induced structural disorder, again suggests that long-range order within SWNT ropes has a small eect on the tangential phonon modes. The fact that the lines sharpen, almost to the pristine values, upon de-doping con®rms that the line broadening mechanism is not due to defects on individual nanotubes or in the rope lattice, but either due to the random location of the dopants or due to enhanced electron±phonon interactions as the sample becomes more metallic.
The growth of the D-band upon doping was found to be irreversible upon electrochemical dedoping and washing. This further rules out the passivation layer as the origin of the doping-induced D-band since the carbonate is water soluble. The persistence of the D-band after dedoping and washing is therefore probably associated with some form of doping-induced disorder or formation of stable defects. Similar conclusions cannot be drawn from the potassium data due to the obscuring eect of the electrolyte, thus there is no evidence that K and Li behave dierently as regards doping-induced defects or disorder. In both cases the crystallinity of the rope lattice is completely suppressed by doping to saturation.
Interpreting the doping-induced Raman shifts is complicated by the fact that our pristine samples consist of an unknown mixture of metallic and semiconducting tubes. One is tempted to assume that semiconducting tubes dominate the initial doping response since the Fermi energy shift per added carrier should be larger than for the metallic ones [22] . This needs to be veri®ed, for example by excluding the presence of internal electrostatic barriers between tubes with dierent electronic properties in the pristine state.
Conclusion
Electrochemical doping allowed us to study the Raman scattering in alkali-doped SWNT as a function of composition, to the best of our knowledge for the ®rst time. We demonstrated the reversible charge transfer between the dopants and the host, which yields a softening of the tangential vibrational phonon modes, similar to observations in graphite intercalation compounds and fullerides. For potassium, the shift per charge per C atom is much closer to the corresponding fulleride than to the GIC. The shift is fully reversible in K-and Li-doped SWNT, although electrochemical oxidation is not sucient to remove all the Li in SWNT. The Raman frequency of the tangential phonon modes was found to be insensitive to the degree of long-range order in the rope lattice.
